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\u I. INTRODUCTION

The present report covers work performed during the period
1 January to 31 March 1963. It begins with a description of
modificatlions made to the experimental eguipment to perwmit the
measurement of time-dependent ionization phenpmena. The results
of transient measurements in oxygen and Né:i Ozgmixtures using
these techniques is then presented. A detailed calculation of
the role of diffusion in transient ionization phenomena has been
startcd and is discussed in the report. The report closes with
a description of the proposed work for the next quarter.

During the period covered by the report, the authors\delivered
a paper at the New York meeting of the American Physical S ciety,(l)
in which the techniqucs of the present program, together with

preliminary data on oxygen loss processes, were discussed,

(1) M. N. Hirsh and P. N. Eisuncr, Bull Am. Phys. Soc, II, vol. 8,
p. 58 (1963)




IT. EXPERIMENTAL EQUIPMENT
A. RF Circuit

In Sccticn III, a series ol transient experiments will bo
described which utilize the electron beam switch described in
previous reports. However the rf systcm described #in previous
reports has beeu arranged to give measurements 1n tie steady
state only. For these experiments the measuring circuits were
modified through the use of timing and iriggering circuits to
cnible ri measurcments to be wmade as a function of time after the

clectron beam Lurn-on.

A block diagram of this system is shown in Figure 1; the
timing sequence of this system is shown in Figure 2. All operations
within this systew are perilodic, with a cyclic rate determined by
the sweep fregquoncy of a tektronixz Model 545 oscilloscope, whose
sawiooth output triggers the Van de Graaff's electron beam switch
through the relay circuit explained in the Sixth Quarterly Report.
The oscilloscope also has an adjustable delayed sweep. The trigger
from this delayed sweep initiates the sweep of another sawtooth
generator;  the output of which is used in two ways, first ito drive
the external sweep mechanism of the read-out scope, a typo 562,
Tektronix Dual-Beam Oscilloscope and second, to sweep the [requency
of the 0-5 meps oscitlator used as the modulation oscillator in the

rf bridge.

In Figure 2, Trace 3 represents the sawtooth which sweeps the
frequency of the wmodulation oscillator. When this ogcillator 15 at
the correct frequency for cavity rcsonanace, a pip will be seen on
channel! A of the dual beam scope. This 1s shown in Flgure 2 on
Trace 4. The time at which this cccurs is determined by reading

time T3 - T2 from the trace on channel A of the dual beam scope
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and adding to that the delayed trigger time T2' Time T1 can be
determined by moving the delayed trigger until the turwn-on of the
electron beam is observed.

The system describcd above has a tiwe resolution capability of
about one millisecond which is adequate for timing the transients
which have been observed so far, The accuracy and time resolution
is mainly determined by the stability and speed of the electroa-
beam switching mechanism which is a relay actuated device.
Improvements could be made by using an all-electrounic switch and

coils of lower inductance to switch the beam faster.

B. Foil Diffuser

On page 4 of the Fifth Quarterly Report it was reported thdt
"further work on the beam diffusion problem was deferred until after
the air and oxygen experiments were compicted so that any information
learnced from these experiments could be incorporated into the next
cquipment changes." That time has now come.

Several important points have been learned [rom the results
of the steady-state experiments, which have a bearing on the primary
clectron diffusion. First, the nct ionization observed at low
pressures in oxygen cannot be related to fundawental wode ambipolar
diffusion if a howogeneous distribution of primary electrons is
assuwmed., This point will be explained in Section IV, Second, at
high pressures in oxypgen where ilonization measurements point to a
three body electron attachment as the dominent electron removal
process, the numerical value of that coeffictent depends on the net
primary (high energy) electron current trave sing the wmicrowave
cavity., Since direct attempts to measure ta's current failed
(cf Sixth Quarterly Report), assumptions concerning the angular
distribution of scattering in beryllium foils must be made in order

to calculate the percentage of the beam which enters the cavity.




However, these assumptiouns, which will be explained in this
section, do not lead to the accepted value for the three body
attachment coefficient. The third point to be considered is an
experiment described in the Fifth Quarterly Report which indicated
that even wiih .024 inches of beryllium foil, the electron beam
only covered an area corresponding te a diameter of 2 to 3 feet at
the cavity face. The cavity face has a diameter of 4 feet, so that
there is not a homogeneous distribution of electrons across its face,
Thus during this gquarter measurements were wade of the beam current
passing through the foill and collimator in order to determine the
electron becam disbribution and the actual percentage of the beam
transmitted by the foil and cellimator. Figure 3 schematically
illustrates the method used.

A-SWITCHING COILS
B- FOIL DIFFUSER
C-COLLIMATOR

D- INSULATING FLANGE
E - FARADAY CUPS

VAN DE GRAAFF

ACCELLERATOR [ 1™ 4

MICROAMMETER, (/‘

FIGURE 3
FOIL SCATTERING CALIBRATION TECHNIQUE



A section of 2'" diameter beam tube between the Van de Graaff ang
the beam switching section was removed, leaving room for a long
faraday cup after the collimator. The electron beam is alternately
switched between the two faraday cups. Immediately it was dis-
covered that much more current was collected in the faraday cup
behind the collimator than a calculation based upon this test
geometry Indicated was possible. It was believed that this was
either due to poor collimation following the scattering foll or

to porous beryllium foil, resulting in under estimation of the
scattering angle. Titanium foil 1.2+.05 mils thick was substituted
for the beryllium, Thigs foll also appeared to scatter the electrons
less than the calculated amount., The dgnsity of the titanium foil

was measured, and found to be 4.5 gm/ in excellent agreement

3
cm
with published values; this value was used in the scattering cal-
culation itself. Therefore poor electron collimation due to
glancing of electrons off the walls of the collimator was the
probable fault. A new collimator was desipgned and tested which
eliminated this problem. With the new collimator, 21.8% of the
beam was collected in the faraday cup; this compares with a cal-
culated percentage for this geometry of 21.2% for Titanium foil
L.2 x 10-3 inches thick. However, the five beryllium folls used
in previous experiments transmitted 858,5% with the new collimater,
as compared with the calculated transmlssion for the .024" thilckness
of 44,8%. This disurepancy still remains uncxplailned., Nevertheless,
a beam current calibratlon for the folls was obtained. For a
goussian angular scattering distributilon, the titanium foill will
produce a distribution of primary electiron across the cavity face
uniform to within 5% in flux.

The calculation of the foll scattering distribution proceeds
as follows, The mcan scattering angle as a function of electron
*
energy E and the composition of the scattering foil is

¥ P, M., REilson, Techniques of High Energy Physics, pg. 9, Intérscience,
N. Y. (1961)




(1 (> (2H? oy,

where X is the distance in units of radiation lengih. For Be, X
is 67gm/cm2; for titanium 1t is 16.6gm/cmd. These have been cal-
culated from

183

() 3 = 1.37x10 gm/cm=,

-3 z(Z+1)
[ A

loge
1‘2
If the Gausslan scattering assumption is correct, then the standard

deviation ¢ ;424 92 } The percentage of the beam transmitted

in a given angle can then be found from tables oi ibe normal
distribution.

C. Gas Handling System

In the past quarter, the gas handling system was modified to
include 12 one -liter flasks. These were used up during this
quarterly report period and were replaced by 100-liter cylinders
of research grade oxygen and nitrogen. This is nominally the
same purity gas as contailned in the glass flasks but the gas has
not been mass analyzed. One liter of gas at atmospheric pressure
fills the cnvity to a prossure of 1 Torr; in order to ezperiment
at higher pressures convenlently the quantity of gas available bad
to be inereased beyond the capacity of tho onc-liter flasks.

Bakeable pyrex Hastings vacuum gauges were inserted directly
into the glass portion of the gas handling system (Figure 4). One
rauge measures pressure in the range 0-100 microns; the other is
uscd in the range 0-20 Torr. These gauges are callbrated for air
and must therefore be calibrated against an absolute gauge for
other gases or mixtures. However once this calibration has been
done thesc gauges allow gas pressure measurements without the
possibllity of contaminating the sample gas in the cavity.



Neither the gas flow regulators nor the metal-to-glass seals
in this system are bakeable, therefore this gas bandling system is
an interim design to permit bhigh pressure measurements in the
cavity. At the same time 1t will be learned whether the gas in
the metal cylinders gives the same results as that in the glass
flasks, so that a bakeable system can be built around the 100-liter
cylindsrs in the future.

M GP VALVE
TO CAVITY 4—==" |_J
i GP i ‘.KL
VALVES l ’] ]
REGULATOR =
— .
10 | -
\GM% TOMETAL COUPLERS
— 0 [ e ———
REGULATOR
N
FIGURE 4

GAS HANDLING SYSTEM
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III. TRANSIENT MEASUREMENTS IN OXYGEN

A. Pholographic Technilque

Transienl measuremenls were made in oxygon, which were designed
to observe the onset of diffusion in an effort to explain the be-
havior of the low pressure, diffusion dominated, steady-stalce ion-
ization. These experiments used the Be foil diffuser. The technique
used was to tune the rf oscillator to the cavity resonant [requency
and then switch the clectron beam onto the cavity. The result was
that, as the cavity shifted frequency due to the prescence of [ree
electrons, the output signal from the bridge as obscrved on Lhe

oscllloscope would change as shown in Fipurce 5.

CAVITY RESONANCE

FIGURE B

During the time when there is no electron beam in ibe cavily, Lbe

cavily resonance frequency is at A, ylelding a stralght lince at
amplitude "a'" on the scope. The clectron beam causces a frequency
shift of the cavily from A to B which changes the obscrved amplitude
on the scope from "a'" to '"b', because the oscillator frequency roemains
al A, Flgure 6 1s a reproduction of a photograph taken cf the
oscilloscope face during the turn-on of the electron beam. The
important feature of these data ls the rapid change in frequcncy
immediately after the turn-on, fullowed by a slow change in the
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opposite direction. The beam remains on the cavity during this
cxperiment, so that a final frequency shift corresponding to the
equilibrium value of ionization is seen, which is the same frequency
measured in steady-state experiments. A reasonable interpretation
oi the phenovmenon described above is that the slow shift in cavity
frequency to an equilibirum value is due to diffusion of electromns
and lons to the walls of the cavity until the diffuslon process
(which is the slowest loss process in the cavity) comes to equilibrium.
Accordingly this transienti phenomona was observed photographically
for three pressures of oxygen, 0,11 Torr, 0.07 Torr, and 0,035 Torr,
The decay of the slow transient was found to be an exponcntial

function of time; the decay time was a linear function ot pressure:
7 (Seconds) - 1.9x103p (Tory).

This ylelds a constant qu .- 120 Torr—cmz/goc assuming the decay

is duc to ambipolar diffusion procceding in the fundamental mode.

However, a an of 120 does nol cxplain the low values of
cquilibrlum lonization obscerved in both the stiecady-state experiments
and v the transient cxperiments. Thls point was made belore in the
Sixth Quarterly report with respect o Lhe steady-state oxperiments,
The possible reasons Lor tha dlscrepancy in numbers betlween an
apparent measurvement of the difluslon decay (ime, and the diffusion
decay time required Lo produce the measured cquilibrium dondzation

will be discussed in Scetion IV,

Photographs were also ftaken of ihe shul-off of the electiron

beam which showed a decay time similar to the rise time at
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the beam turn-on (see Figure 6). The time constants involved are

on the order o® 1 few milliseconds but were very difficult to

measure accurately with this technigque. The time constant associated
with the shut-off is of great importance, however, since it gives
directly a value for the total electron loss ifrequency. This can
then be compared with the value calculated from the steady state

data by

Kpil = W&N, where K is the production term and ", is the loss
frequency.

B. Eilecironic Technique

The photographic work described above was difficult to interpret
quantitatively. Thus measuremcnts were made on transient phenomona
in oxygen using the new rf system described in Section TIA and using
the titanium foill diffuser, From Figure 6 with the assumption of an

exponentinl decay of frequency versus time,

(1 (L, - fl)o_t/'r L £, or

1°

. | . . -L/T.
2y aAr - € ~ fl - (fo - ll)c

Taking logarithms of both sides,

(3) log Al - 1og(f0 - fl) - t/T

Figure ¢ is a plot of the slow (diffusion) transilent in oxygen at
0.1 Torr using the time resolving rf circults which shows reasonable
agroement with the straight linc predicted by equation (3). As
indicated in Figure 7, the straight line fit to the data ylclds a
calculated value of 101 Torr—cmz/seu for Dap in agrcement with
estimates from the photographs. At a pressure of J05Torr, the
measured D p was 66.3 Torr—cmz/sec which is not in agreemcnt with

theory or Lbe carller photographic measurements.
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AMPLITUDE (RELATIVE UNITS)

35
30
25
20
1.5

1.0

OXYGEN O.11 TORR

7.5 40 ELECTRONBEAM
MEASURED AT FARADPAY CUP

~——_ L ~fi

} .5 1.0 1.5 2.0

TIME IN SECONDS
BEAM TVRN-ON

FIGURE 6
TRANSTENT WAVE SHAPE OBTAINED
PHOTOGRAPHICALLY
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A summary of oxygen transient measurements is presented
below:

af/1
Pressure Beam Current Equilibrium n
Nate Torry Faraday cup Slope al
March 15 0.102 97.8 ua 0.78 105
March 18 0.010 150 ua ? ?
March 19 0,050 30 ua 0.27 86.13
March 25 0.100 50 ua 0.68 101
March 28 0.102 150 ua 0.76 ?

The beam current was measured at the faraday cup in the upper arm
of the beam switch; a titanium foll 1.2 mils thick was used

to diffuse the beam into the cavity (see Section II-B). The
question marks indicate that a measuvement could not be made due
to experimental difficulties or malfunction.

C. Summary of Rosults of Oxygen Experiments

Previous measurements of cquilibrium lonlzation in oxygen at
0.1 Torr pressure resulted in a "slope", Af/I of 1.7 KCPHGHI
(¢.[. Slxth Quarvterly Report). These measureicents werc made using
a beryllium foil 0,024 inches thick. The foill measurcments made
during this quarter predict that 58.5% ol the clectron beam was
intercepted at the cavity., Therefore the slope, corrccted for tho
actual Dbean current in the cavily, is 2.9 kilocycles per micro-
amperc. The experimenis of this quarter with a 0.0012 incli thick
titanium foil yiclded a true slope, at 0.1 Torr, of 3,52 kilocycles
per microamperes, certainly larger than previous results, However
the beam geometry in the two cases is different; with the beryllium
Tfolil the beam was peaked in the center whereas with the titanium
foll a uniform beam was achieved. The effect of the uniformity of
the bheam will be explained in Scction IV,




Since the steady-state lonization equation bas beeun derived
on the assumption of geometically uniform production of electron-
ion pairs by the high energy electron beam, the experiments using
the beryliium foil could not be expected to agree with the simple
theory as put fortb in the Sixth Quarterly report, Section III-A,
Not enough data has been taken yet with the thin titanium foll to
compare with previous results or with the more complete theory
presented ir Section IV of this report.

The various transient experilments have produced evidence for
diffusion of electrons tc the walls following turn-on of the high
energy electron beam., The timc constants 1lnvolved are of Lbe same
order of magnltude as those of fundamental mode ambipolar diffusion
in oxygen. Furthermore there is some evidence that the product of
the time constant and pressure is a constant, as required [or

diffusion, although much more data still are required.

In order to make sure that the transien{ phenomena were not
unique to the oxygen gas sample used, the cavity was filled with
¢ylinder helium to a pressure of 0,08 Torr., A transient simllar
to the oxygen transient was observed. In air, the same type ol
transicent bas also been observed.




19

IV. DIFFUSTON

A. Time-Dependent Diffusiocn Equation for An Allaching Gas

The attempt to relate the translent phenomona reported above
with ambipolar diffusion makes necessary a careful analysis of
ionization and deionization within the cavity. In particular, the
time dependence of the ionization density as a function of position
within the cavity must be 1ncluded in the analysis. Such cal-
culations have been performed in the past by many workers, with
1ittle opportunity for comparison of the calculation with exper-
imental results. The simplicity of the geometry of the present
experiment, however, holds out hope for something approaching a
clear-cut determination of the importance of higher diffusion modes
in thermal plasmas.

The differcential equation for electron density is

(¢B) »—f——“(r’?'t)— K (r,z,t) - wn(r,z,t) +D, vou(,z,t),

where n 1s the electron density, K is the number of electrons (and
lons) produced per unit volume per unit time, v is the three-body
attachment Trequency, and Da is tho ambipolar diffusion constant

(¢.f. First Quarterly Progress Report, pages 9-12),

The simplifying assumptions on which the derivation of this
cquation 1s based are that the presence of negative ions due to
attachment does not affect the ambipolar diffusion; that there is
cylindrical symmetry; that other electron loss processes oare small
comparcd to three-body attachment and diffusion; and that there are no
chemical reactions taking place in the cavity. The first of these
assumptions will be the subject of future work in this project.
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The homogeneous part of equation (1) can be separated and
solved subject to the usual boundary condition that n vanish at the
walls of the cylindrical cavity. The homogeneous solution 1s

- E Z I mrz B t,
2) n, = 54 Anm T, (yn a)sin - e um

where Yo is the nth root of Jo‘ a and h are the radius and height
of the cylindrical cavity, respectively,
D

(3) Bom = ¥+ X% , and
nm
2
1 Y n mznz
S S ALY TR
Pl i a h

The inhomogeneous sclutlon which satisfies the complete equation
and the initial conditilons is

(5) n, = E: 2:B

J mnr2, where
I " n m nm o h

(yng)sin

(6) K - Z E ) mrz.

r
B =)sin -
n m nm nm O Wna) ]

The arbiltary constants Bnm can be found 1f simplifying
assumptions are made about K, the clectron production term. Consider
the case Ln which the electron beam is suddenly switched into the
cavity so that tor t{ 0, K=0, and for t 5 0, K is a constant, in-
depondent of time and geometry. This closely approximates the
situation in the transient experiments reported in Sectlon IXI.

Then at t = 0, n = K, and for all times equation (6) must hold

These considerations lead to the complete solution. WWilb the

dofinition Anm + Bnm = Cnm’ then
. . -3
M 1 r mmz nmt
(7 N = ?; yin Cnm(l—ﬁnm) Iy (Ypz)sin —g-e
~ < O
> nm r mrZ
e w B Jo(wua )sin =g

nm




where

. 8K
Coan = miry I3 () for m odd,

(8)

C = 0 for m even.
nm

From the Firvst Quarterly Rcport, pages 25-27, an expression for the
frequency shift of the cavity may be obtalned:

2
0.1 j;nE dr

(9) A
[ =3 \2f 2 P
1T+(.055p) VE dr

For the TE011 mode of the »f cavity, EWJ1(3.832%)sin ﬂ%«. Therefore
equations (7) through (9) can be combincd to produce an integral
cquatlon which will give Af as a function of time at any gilven
pressure,.  Hand computation of this problem is extremely laborious
but some machlne computation and some band calculations have bheen
made for speclal cases. Combining that computation with some
approxlmations, Fipures 8, 9 and 10 demonstrate the type of solutions

thal cqualttons (7) through (9) produce in typlcal cascs.

Stnce a preat deal of data bas been taken using theo beryllium
foll diflfusor with a more or less peaked angular distribution of
ciectrons Ln the incident beam, 1t 18 instructive to rederive
cquai lons (7) and (8) for the case K not constant. For simplicity
tet

-
(10} K kJO(y1 7?)’ where K 1s a constant
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Then at t = 0,

MDY r mnz r
(11) X = - ﬁlcnm Iy (yna)sin 5 = kJo(WIE)

which has a solution for Cnm as follows:

(12) Cnm =0 forn # 1 or m even,

4k ;
Cim for n = 1 and m odd.

During the next quarter, numerical solutions for this as well
as for other beam geometries, wlll be obtained, and compared with

experiments.
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V. AIB MEASUREMENTS

A very interestlng phenomena was observed while doing transient
experiments in air. The transilent assoclated with diffusion occurred;
then, very slowly, "equilibrium" ionization density increased until a
plateau was reached, many minutes later, at a value of ionization
desnity two or three times larger than the initial density.

Flgure 11 is a plot of typical time versus frequency shift
experiment in air showing the change in lonization with time. Tt
took about nine minutes for the frequency to begin to shift per-
ceptibly, then the rise became quite sSteep, levelling off after
about 20 minutes, The explanation for this phenomenon may possibly
be found in chemical reactlons. After reaching ihe high value of
ionization, if the Van de Graaff beam is shut off {for 15 minutes
and then switched on again, the resulting ionization 1s at the high
lcvel, not the initial low value. In one case, after a twc hour
walt with tho beam off, the ilonization at turn-on was 76% of the
previous poak value, and returned to that value in five minutes.
This behavior is suggestive of a reversible chemlcal reaction which
is driven by the electron beam in one directien but which slowly
reverses when the beam is off the cavitv,

Fligure 12 is a summary of all the alr data taken to thils date.
From Flgurae 12 1t can be scen that the initial equilibrium ion-
izatlion is higher than in oxygen, as would be expected, but not as
pigh as would be predicted on the basis of published values for the
efficiency of nitrogen as the third body in electron attachment to
oxygen. In fact, on Figure 12, the experiment marked '"December 19"
at 0.5 Torr, has an initial slope of 2.5, very close to that of pure
oxygen (2,.2) and rises up to 13, about five times higher. The higher
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values are more nearly indicative of what should be expected in air

on the basis of its 20% oxygen content.

This phenomenon will be studied 1n more detaill in the next

quarter. In particular various N2 - O2 concentration ratios will

be studled to unravel the chemistry.
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V1. PLANS FOR NEXT QUARTER

During the next quarter, encugh data should be accumulated in
oxygen to permit a complete analysis of the linear loss processes
{that is, attachment and diffusion) in the regime of operating con-
ditions employed in this work, Measurements in nitrogen and oxygen-
nitrogen mixtures will be begun in delail, to determine the normal
behavior of the mixtures and to search for radiation chemistry ceffectis.
The detailed calculation of the diffusion transient accompanylng beam
turn-on will be completed, and results compared with cxperiment.

In addition, a new dimension will be added to the measurement
program during the quarter. An rf mass spectrometer will be deslgned
and bullt, and probably attached to the cavity wlthin the period. Tho
spectrometer will be capable of observation of both positlve and
negative lons produced in the cavity. The additlon of an internal
ionizer, to permit studies of neutral molecules, bas been delayed

untll the spectrometer itself is operative,
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